Abstract Purpose: Photochemical internalization is under development for improving macromolecular therapy by inducing photochemical damage to endocytic vesicles. This damage leads to the release of therapeutic macromolecules entrapped in endocytic vesicles into the cytosol. The macromolecules may in this way be able to interact with therapeutic targets instead of being degraded by lysosomal hydrolases. Bleomycin is used in several standard cancer chemotherapy regimens. Its hydrophilic and relatively large chemical structure limits its ability to penetrate membrane structures, which causes the accumulation of bleomycin in endocytic vesicles. The purpose of this study was to evaluate the therapeutic potential of aluminum phthalocyanine disulfonate (AlPcS 2a )^based photochemical delivery of bleomycin. Experimental Design:Three tumors of different origin were grown s.c. in BALB/c (nu/nu) mice. The photosensitizer AlPcS 2a and bleomycin were systemically administered and the tumor area was exposed to red light when the tumor volume had reached 100 mm 3 . The tumor volume was measured frequently after treatment and the time for the tumor volume to reach 800 to1,000 mm 3 was selected as the end point. Results:The photochemical delivery of bleomycin induced a delayed tumor regrowth, and in two out of three tumor models, lead to 60% complete response, whereas no complete responses were seen after treatment with bleomycin alone. A statistical model to assess synergism was established. Combination of the photochemical treatment and bleomycin was found to induce a synergistic delay in tumor growth. Conclusion: AlPcS 2a -based photochemical internalization of bleomycin induces a synergistic inhibition of tumor growth in three different tumor models. This treatment combination should be further considered for clinical utilization.
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Chemotherapeutics requires efficient penetration into the cytosol of the target cells in order to reach their intracellular targets and exert their therapeutic activity. The need to enter the cytosol, e.g., through the plasma membrane, limits the exploitable chemical structure of chemotherapeutic agents to mostly small and lipophilic compounds penetrating the plasma membrane by passive diffusion. Some chemotherapeutic agents, such as bleomycin and cisplatin, exert a nonpermeant or semipermeant character (1, 2) . The bleomycins are watersoluble glycopeptidic antibiotics (3) . Their cytotoxicity is caused by inducing single-and double-stranded DNA breaks, resembling ionizing radiation with respect to type of DNA damage and repair (4) . Bleomycin is used in standard cancer chemotherapies including treatment of squamous cell carcinomas of the head and neck, esophagus, bronchus, and skin, as well as testis cancer and malignant lymphomas. The sensitivity of tumor cells to bleomycin is highly variable due to its limited penetration through the plasma membrane. However, the cytotoxicity becomes similar and highly increased when the cytosol is exposed to similar amounts of bleomycin following electroporation (5) . It has been estimated that as little as f500 bleomycin molecules translocated to the cytoplasm may be sufficient to kill a cell (6) . Thus, bleomycin may become a very efficient and specific chemotherapeutic agent by combination with a treatment modality activating its therapeutic potential only in the target tissue.
Photochemical internalization (PCI) is a new technology to improve the utilization of macromolecules in cancer therapy in a site-specific manner (7 -9) . The concept is based on the use of specially designed photosensitizers, which localize preferentially in the membranes of endocytic vesicles. Upon exposure to light of appropriate wavelengths, these photosensitizers induce the formation of reactive oxygen species of which singlet oxygen dominates. Similar photochemical reactions are the basis for photodynamic therapy (PDT), which is used for the treatment of many cancer indications as well as some noncancerous diseases (10) . The photooxidation of the endocytic membranes leads to release of the contents of these vesicles into the cytosol. Macromolecules located in these vesicles will, in this way, reach the cytosol and be able to exert their biological activity instead of being degraded by lysosomal hydrolases. This PCI-based relocalization and activation of the macromolecules has the advantage of minimal side effects because the effect is localized to the irradiated area. In contrast to many other photochemical reactions, clinically relevant wavelengths in the red and even IR region may be used, allowing for a therapeutic effect in deeper layers of the target tissues. The endosomal escape of macromolecules such as genes, oligonucleotides, and proteins by means of PCI has been documented in vitro and in vivo, and has been shown to increase the therapeutic effect in a synergistic manner (7, 11 -15) . As in the case for macromolecules, bleomycin is practically nonpermeant to the plasma membrane and enters the cells by endocytosis whereby it may be degraded in the lysosomes; or due to the slow entrance into the cytosol, degraded by bleomycin hydrolase before reaching its therapeutic target in the nucleus. The aim of this study was to determine whether PCI could improve the therapeutic effect of bleomycin. In order to evaluate the general applicability of PCI for enhancing of the therapeutic effect of bleomycin, three different tumor models, a human colon adenocarcinoma, a human soft tissue sarcoma and a mouse colon cancer cell line, were used. The two most efficient photosensitizers for photochemical enhancement of the biological effect of macromolecule treatment have thus far been tetraphenylporphine disulfonate (TPPS 2a ) and aluminum phthalocyanine disulfonate (AlPcS 2a ; ref. 16 ). These photosensitizers, in combination with light, enhance the biological effect of proteins and genes to a similar extent in vitro, but due to the higher extinction coefficient of AlPcS 2a in the wavelength region where light penetration through tissue is high (>600 nm) AlPcS 2a is the preferred photosensitizer in vivo. In the present study, both photosensitizers were used, but only AlPcS 2a was used for the in vivo studies. The results indicate that PCI of bleomycin induces a synergistic effect on tumor retardation in all the models.
Materials and Methods
Chemicals TPPS 2a and AlPcS 2a with the sulfonate groups on adjacent phenyl and phthalate rings, respectively, were produced by Porphyrin Products (Logan, UT) and used as previously described (12, 17) . 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was purchased from Sigma (St. Louis, MO). Bleomycin (Lundbeck, Copenhagen, DK) was provided as a powder, 15 IU per vial according to the U.S. standard (15,000 IU according to the European Pharmacopoeia, 5.1) and was dissolved in 0.3 mL 0.9% NaCl. For in vivo use, further bleomycin dilutions (in 0.9% NaCl) were made to adjust the injection volume to 100 AL in all the cases.
Cell lines and tumor models
Cell culture. V79 Chinese hamster lung fibroblasts were grown as monolayers in MEM supplemented with 100 units/mL of penicillin, 100 Ag/mL of streptomycin, and 10% FCS (Life Technologies, Scotland, United Kingdom). Cells of the line WiDr, derived from a human primary adenocarcinoma of the rectosigmoid colon (ATCC no. CCL-218), were subcultured in RPMI 1640 (Life Technologies) containing 10% FCS, 100 units/mL of penicillin, 100 Ag/mL of streptomycin, and 2 mmol/L of L-glutamine.
Animals and tumor models. BALB/c (nu/nu) nude female mice were bred at the animal department of our institute. The mice were kept under specific pathogen -free conditions. Water and food was given ad libitum. All procedures involving mice were carried out in agreement with the protocols approved by the animal care committee at the Norwegian Radium Hospital, under control by the National Ethical Committee's guidelines on animal welfare. The mice were on average 20 to 25 g (5-8 weeks old) at the start of the experiments, and we used at least six mice per experiment group.
The WiDr human adenocarcinoma and the CT26 (CT26.CT25; ATCC no. CRL-2639) mouse colon carcinoma cells used in the present study were propagated by serial transplantation into the BALB/c (nu/nu) mice. The tumors are minced to homogeneity by a scalpel and 20 AL of the solution injected s.c. on the right hip of each mouse. A human malignant fibrous histiocytoma xenograft (TAX-1), established in 1988, was provided by Professor Ola Myklebost (Department of Tumor Biology, the Norwegian Radium Hospital, Oslo). It was derived from tissue obtained during resection after local relapse. The tissue was propagated by implantation of fragments (2 mm 3 ) in the left hind limb of nude mice (BALB/c nu/nu). The tumor size was measured two or three times per week by measuring two perpendicular diameters. Tumor volume was calculated using the following formula:
where W is the width and L the length diameters of the tumors measured. Animals were killed by cervical dislocation if the tumor volume reached 1,500 mm 3 . In vitro treatment regimens. The V79 cells were seeded into 12-well plates (75,000 cells/well, Costar, Corning, NY) and allowed to attach to the substratum for 6 hours. To some of the wells, 1 mL of medium with 0.7 Ag/mL TPPS 2a was added, and the cells were incubated for 18 hours. The cells were then washed thrice with medium. For the V79 cells treated with the ''light after'' procedure, the cells were then incubated in serum-containing medium for 4 hours with bleomycin or only for the last hour before exposure to light. Four hours after removal of TPPS 2a the cells were illuminated as described below. After 3 days of incubation cell survival was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (18) . V79 cells treated with the ''light before'' approach were incubated in serum-containing medium for 4 hours after TPPS 2a had been removed. The medium was removed, new medium added and the cells were illuminated as described below. Bleomycin was added immediately after the light treatment. After 1 or 4 hours of incubation with bleomycin, the cells were washed once with RPMI medium, 1 mL of medium added and after 3 days of incubation, cell survival was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (18) .
WiDr cells were seeded into 35 mm dishes (150 Â 10 3 cells/dish, Falcon 3001, Becton Dickinson, Franklin Lakes, NJ) and allowed to attach for 48 hours. The medium was removed and the cells incubated with 1 mL serum-containing medium with 5 Ag/mL AlPcS 2a for 18 hours. The cells were washed thrice with medium and incubated in bleomycin-containing medium for 4 hours. The cells were washed once with RPMI medium, and after the addition of 1 mL drug-free medium, they were illuminated. After 3 days of incubation, cell survival was measured by the protein synthesis assay (17) .
Light exposure. The V79 cells were exposed to light from a bank of four fluorescent tubes (Osram 18 W/67) with the highest fluence around 420 nm and a fluence rate of 11.7 mW/cm 2 (LumiSource, PCI Biotech, Oslo, Norway). The WiDr cells were exposed to red light from a bank of four fluorescent tubes (Philips TLD 15 W/950) filtered through a Roscoe 317 dark amber filter (LumiSource, PCI Biotech; fluence rate 1.5 mW/cm 2 ). Treatment of xenografts. The stock solution of AlPcS 2a was diluted to 1.25 mg/mL in PBS and f200 AL was injected i.p. (final concentration 10 mg/kg) when the tumors had reached a size leading to tumor volumes of f100 mm 3 at the day of illumination. Forty-eight hours after the injection of AlPcS 2a 100 AL bleomycin (2, 5, or 15 IU/mL) was injected i.p. Thirty minutes after bleomycin injection, the tumors were illuminated as described below. The mice were randomly allocated to the different groups. Each animal got a unique number by marking the ears of the mice.
Photochemical Delivery of Bleomycin
Light treatment. The tumors were illuminated with a 150 W halogen lamp (Xenophot HLX64640) filtered with a 580 nm long-pass and a 700 nm short-pass filter emitting 150 mW/cm 2 . The animals were covered with aluminum foil except above the tumor area where a hole in the foil with a diameter 2 mm larger than the tumor diameter had been made.
Histologic analysis of lung tissue
In order to evaluate chronic inflammation and fibrosis in alveolar tissue, mice were sacrificed at the appropriate time points. The lung tissue was removed immediately by dissection and fixed in 4% formalin. Subsequently, the tissue were sectioned and staining was done with H&E, and detection of collagen was by van Gieson staining, in which collagen was imposed in red, nuclei in blue-black, and cytoplasma in yellow color (19) . Histologic sections of 6 Am were examined microscopically to document the thickness of the alveolar wall and the extent of collagen deposition. Histologic analysis (H&E and collagen staining) were therefore done 2 to 6 weeks after treatment with PCI of 1,500 IU bleomycin, 1,500 IU and 3,000 IU bleomycin alone in mice with TAX-1 xenotransplants.
Statistics. The tumor growth data are subjected to survival analysis, using the day when the tumor volume supercedes the volume V crit = 800 to 1,000 mm 3 (tumor model -dependent) as the failure time, and the duration of the experiment as the censoring time, if the tumor does not obtain this volume.
Because the failure times for groups with many failures seem to cluster around a specific average growth time, it is not feasible to compare the survival in the various groups by a Cox proportional hazard regression analysis. Instead, we use log-logistic survival function S = 1/[1+ exp (w)]; where w = (ln t À b 0 À b z )/r. b 0 is the logarithm of the median lifetime in the control, and r determines the width of the failure region. b z is a scalar product of a vector z = {z 1 , z 2 , z 3 ,. . .} indicating the kind of therapy 1, 2, 3,. . . used, and b = {b 1 , b 2 , b 3 ,. . .}, the efficiency variables of the various therapies to be determined by the statistical calculation. In the present case, z = {0, 0, 0} for the control, {1, 0, 0} for bleomycin only, {0, 1, 0} for PDT only, and {1, 1, 1} for the combined therapies. In the latter case, b add = b 1 + b 2 represents the additive effect of the combined therapies, whereas b 3 is the additional effect due to synergy.
We use an accelerated time model, i.e., changing the time scale by a factor of exp(Àb z ), specific for each group, such that the survival curves of all groups coincide maximally after this transformation (see ref. 20) . For those who are not familiar with this method, the formulas are cited in Appendix 1.
The present calculation scheme is related to the Cox proportional hazard regression, because the probability of failure within a time interval Dt is ÀD(ln S) = E(t;b z ) Dt % k 0 (t) exp(Àb z ) Dt. Therefore, the proportional hazards method, corresponding to modifying the hazard function by exp(Àb z ), i.e., ÀD(ln S) = [k 0 (t) exp(Àb z )] Dt, should be equivalent to the time scaling method, ÀD(ln
In practice, the calculations will be very different.
Results
In vitro evaluation of photochemical activation of bleomycin. V79 cells were treated in vitro with various combinations and concentrations of bleomycin and TPPS 2a -PDT ( Fig. 1A and B) . Two treatment regimens were selected. In both regimens, the cells were initially treated overnight with TPPS 2a . In one regimen (light after), the cells were treated with bleomycin after the TPPS 2a treatment, but before light exposure. In the other regimen (light before), the cells were treated with bleomycin immediately after exposure to light. It has previously been shown that both regimens may induce a similarly synergistic enhancement of the biological activity of selected macromolecules (21) . PDT in combination with the lowest doses of bleomycin (0.007-0.035 IU/mL bleomycin, 1 hour) did not induce any cytotoxic effect in either of the treatment regimens. However, at a higher dose of bleomycin (0.14 IU/mL, 4 hours), inducing 30% to 50% cell inactivation by itself, the photochemical treatment reduced cell survival significantly. There were no differences in treatment effect between the two treatment regimens, although the ''light before'' regimen might be slightly more efficient at an intermediate bleomycin dose (0.14 IU/mL, 1 hour). It should be noted that the photochemical treatment alone did not induce any cytotoxicity. The cell survival in bleomycin-treated cells was not influenced by the light exposure in the absence of the photosensitizer.
Photochemical enhancement of the cytotoxic effect of bleomycin was also seen in the human WiDr adenocarcinoma cells (Fig. 1C) . The WiDr cells were less sensitive to bleomycin treatment than the V79 cells and 4 hours of treatment with 0.14 IU/mL bleomycin did not induce any cytotoxicity in WiDr cells, whereas this treatment killed 30% to 50% of V79 cells. However, bleomycin reduced cell survival f10-fold in photochemically treated WiDr cells. These results indicate that PCI has the potential to enhance the cytotoxicity of bleomycin treatment and warrants further in vivo evaluation.
In vivo evaluation of photochemical activation of bleomycin
WiDr tumor model. Photochemical activation of bleomycin was evaluated initially in s.c. growing human WiDr adenocarcinoma tumors. The photosensitizer AlPcS 2a and bleomycin were administered systemically (i.p. 48 hours and 30 minutes prior to light exposure, respectively) followed by exposure to 145 J/cm 2 red light from a noncollimated light source. The time for the tumors to reach 800 mm 3 was selected as the end point. The response to bleomycin and light in the absence of AlPcS 2a in comparison to various controls is shown in Fig. 2A . The mean time for the tumors to reach the end point (Table 1) and statistical analyses (Table 2) indicate that all the treatments with bleomycin and light delays tumor growth significantly. When these treatments were compared with group 1 (no treatment), the differences were only on the border of being significant (P = 0.05-0.075), but this was due to one animal in the control group (group 1) with complete regression that is seen as a spontaneous regression, which occurs sporadically in this model. However, if group 1 (control), group 2 (PBS + light), and group 6 (AlPcS 2a alone) were pooled together as one control group, all the bleomycin treatments were significantly different from the controls (P < 0.01). The highest dose of bleomycin (1.5 IU) induced a significantly longer tumor growth delay as compared with the lowest dose (0.2 IU), but was not significantly different from treatment with 0.5 IU. Treatment groups 4 and 5 (0.5 versus 0.2 IU bleomycin, respectively) did not induce a significantly different response, although 0.5 IU bleomycin tended to induce a stronger delay in tumor growth than 0.2 IU bleomycin. There was no significant difference in mean regrowth time between the groups receiving bleomycin plus light and those receiving bleomycin plus AlPcS 2a in the absence of light (Tables 1 and 2 ).
The response to the photochemical treatment in combination with 1.5 IU bleomycin is shown in Fig. 2B . It was found that 60% of the animals receiving the combined treatment were tumor-free 200 days after treatment, whereas only 10% were tumor-free after PDT. The statistical analyses (Table 2) show that the tumor growth kinetics after photochemical treatment in combination with 1.5 IU bleomycin was significantly different from that after PDT and the corresponding bleomycin groups 7 and 3. In three out of four animals with tumor recurrences, the animals were apparently tumor-free 3 to 4 weeks after the PCI treatment.
Because both the PDT and the bleomycin groups induced a delay in tumor growth, documentation of synergism requires more detailed analyses, as described in Materials and Methods and in Appendix 1. Because the survival curves for the control (no treatment), the AlPcS 2a alone, and the PBS + light groups seem to overlap, and because the two latter groups should not be expected to induce any effect on tumor growth, the data from these groups were pooled together in a control group with variable b 0 . The bleomycin (1.5 IU) group and the PDT group were given additional variables, b 1 and b 2 , respectively. In the combined treatment (PCI), an additional interaction variable, b 3 , was introduced. The b's are then found by maximizing the log-likelihood function for all the animals, and the SEs are computed by inverting the information matrix.
To obtain the survival variable b 12 for the combined bleomycin and PDT treatment if these were mutually independent, we add the individual survival variables, b 12 = b 1 + b 2 , corresponding to a contracted time scale t* = t exp(Àb 1 À b 2 ). The additional interaction variable, b 3 , is then taken to yield a quantitative measure of synergy in the combined treatment.
The variable values found by the method described above are listed in Table 3 . The present model seems to give a good fit to the experimental Kaplan-Meier survival curves, even if the width variable r is common for all the survival curves, and was not only fitted to the control curve (data not shown). The significance levels between the various variables are in approximate agreement with the corresponding log-rank tests of the Kaplan-Meier survival curves.
The interaction variable, b 3 , is positive and significantly different from zero, which indicates that there is a significant synergy effect in the combined treatment. This effect is quite large, R = b 3 /(b 1 + b 2 ) % 0.53. In other words, the synergy effect is of the same order of magnitude as each of the effects of the two treatments combined.
A crude approximation for the purely additive bleomycin/ PDT combined treatment survival curve can be obtained by time scaling the bleomycin-only treatment observation times multiplied by the ratio of the PDT and control median survival times, and vice versa (Fig. 2E) . The resulting survival curve is in good agreement with the corresponding regression curve, and decreases significantly below the Kaplan-Meier survival curve for the PCI treatment, as found by the log rank test (P % 0.01).
The response to PCI with 0.5 and 0.2 IU bleomycin is shown in Fig. 2C and D, respectively. Both PCI groups were significantly different from the PDT group (P = 0.012 and 0.051, respectively). The PCI groups were on the border of being significantly different from the bleomycin groups (P = 0.055-0.078 and P = 0.0082-0.12 for treatments with 0.5 and CT26 and TAX-1 tumor models. The evaluation of the possible synergistic delay in tumor growth by combining the AlPcS 2a -PDT and bleomycin treatments was also done on the mouse CT26 colon carcinoma and the human TAX-1 sarcoma models. On the basis of the results with the WiDr tumor model, only 1.5 IU bleomycin was administered to the animals.
The overall results are presented in a Kaplan-Meier plot in Fig. 3 . The CT26 tumor model shows rapid growth kinetics with a mean time to reach 1,000 mm 3 of 7 days (Table 1 ).
The tumors were exposed to 70 J/cm 2 of red light. The results show that both PDT and PCI of bleomycin induce a delay in tumor growth. The statistical analyses indicate that all the treatment groups were statistically different from each other despite none of the treatments inducing a complete response in any of the treatment regimens (data not shown). Table 1 indicates that the bleomycin treatment itself induced a slight (1.7 days), but significant, delay in tumor growth as compared with the controls. In comparison, PDT induced a more prolonged tumor growth delay of 5.8 days, whereas the combination (PDT + bleomycin, i.e., PCI) induced a delay in tumor growth of 12.4 days. In 8 out of 12 animals in the PCI group, the animals were apparently tumor-free for some period of time, i.e., from 2 to 3 days after light exposure and for the next 4 to 5 days, and in some cases up to about 2 weeks after PCI. The statistical analysis of possible synergism after PCI of bleomycin concluded that the combined treatments induced a clearly synergistic treatment effect (P = 0.0014). (Table 1) , respectively, and with one exception in the PDT group, no complete responders (Fig. 3B) . In contrast, 60% of the tumors were able to recover in the PCI group and the mean delay in growth was f80 days ( Table 1) . The bleomycin and bleomycin plus light groups were not statistically different with respect to tumor growth. When these two groups were pooled together, all the treatments induced significantly different effects on tumor growth (P < 0.016). PCI of bleomycin induced a synergistic effect on tumor growth (P = 0.020).
Pulmonary fibrosis and weight loss. The major side effect of bleomycin treatment is pneumonitis that may progress into pulmonary fibrosis (22) . Histologic analyses (H&E and collagen staining) were therefore done 2 to 6 weeks after treatment with PCI of 1.5 IU bleomycin, 1.5 and 3 IU bleomycin alone in mice with TAX-1 xenotransplants. However, no signs of pulmonary fibrosis or increased collagen formation were observed after any of these treatment regimens.
Weight loss is frequently observed in preclinical studies and clinically in combination therapies where bleomycin is included (23 -25) . Untransplanted mice treated with 1.5 IU bleomycin lost f5% weight shortly after treatment, but regenerated weight within a few days (Fig. 4) . TAX-1-transplanted mice treated with PCI of 1.5 IU bleomycin lost the same amount of weight as by bleomycin treatment alone, but needed somewhat more time to resume weight. The weights of the animals were similar in all treatment regimens (23.6-24.8 g) at the time of treatment.
Discussion
In view of previous findings that indicated enhanced activity of therapeutic and reporter macromolecules in cells exposed to PCI, we tested the efficacy of PCI in improving the ability of bleomycin to destroy tumors in vitro and in vivo. In all three tumors, separate implementation of the photochemical treatment (PDT) or bleomycin chemotherapy only slightly delayed tumor growth and induced no complete responses. However, the combination of PDT and bleomycin, i.e., PCI of bleomycin, not only further delayed the tumor growth, but also resulted in cure of 60% of the animals with subcutaneously growing WiDr and TAX-1 tumors. The statistical analyses indicate a synergistic effect of combining the two treatment regimens. In the mouse colon carcinoma line CT26, PCI of bleomycin did not induce a curative effect, but the delay in tumor growth was significantly longer than expected from combining the tumor responses from PDT and bleomycin separately, i.e., a synergistic effect was obtained. A similar therapeutic effect of PCI of bleomycin in all three tumor models indicates that this combination therapy has general applicability.
The cytotoxic effect of bleomycin varies widely between different tumors as well as between different organs. This is suggested to be due to differences in the cells' DNA repair capacity, bleomycin hydrolase activity, cellular uptake mechanisms, and possibly the rate of bleomycin efflux (26) . The mechanisms of cellular uptake of bleomycin is not fully revealed, but as pointed out above, bleomycin is relatively large (molecular weight of about 1.5 kDa), hydrophilic, and is most likely able to diffuse across the plasma membrane to a limited extent only. Studies with human cells and Chinese hamster fibroblasts indicate that bleomycin binds to a 250 kDa receptor on the plasma membrane and is endocytosed in a receptor-mediated manner (5) . The importance of the limited cellular uptake of bleomycin for its therapeutic effect has been documented by means of electroporation, where electric pulses induce a transient and reversible permeabilization of the cell membrane. The cytotoxicity of bleomycin may be enhanced a hundred-fold by means of electroporation and cell line differences may be attenuated by the electroporation technique (5, 6) . The documented receptor-mediated endocytosis of bleomycin and therapeutic enhancement obtained by electroporation indicate that bleomycin is primarily entering the cells through endocytosis where bleomycin may be degraded by hydrolytic enzymes in late endosomes and lysosomes. The synergistic effect of combining a treatment modality rupturing endocytic vesicles with bleomycin treatment may therefore be explained by the transport mechanisms of bleomycin. Alternative explanations, such as photochemical inactivation of bleomycin hydrolase, however, cannot be excluded from its involvement in the photochemical enhancement of bleomycin activity.
In this study, bleomycin was systemically administered 30 minutes prior to the photochemical treatment. The half-life of Table 3 . Results of the time-accelerated survival analysis in the log-logistic regression model for the treatments of WiDr tumors as presented in Fig. 4A , except that groups 1, 2, and 6 were pooled together bleomycin in the blood of humans after i.v. injection is f2 hours and f70% of the bleomycin is excreted within the first 24 hours (27 -29) . In mice, the blood clearance time is much shorter and the amount of bleomycin in the tumor is practically unchanged from shortly after i.v. injection and for the following 24 hours (28) . Because the in vitro data indicated that the photochemical treatment could be delivered prior to the bleomycin treatment, bleomycin administration shortly before exposure of the tumors to light was selected. This was based on the rapid redistribution of bleomycin from the blood circulation and the assumption that the ''light before'' regimen also occurs in vivo. This hypothesis was strengthened by previous studies with PCI of gelonin that showed similar therapeutic effects in vivo when gelonin was administered intratumorally 6 hours prior to light and immediately after light (12) . 4 The timing between bleomycin administration and light exposure might, however, not be optimal in the present study. In patients, other factors such as renal function influence the pharmacokinetics of bleomycin (27) and should also to be taken into consideration in a clinical setting. Treatment with bleomycin or PDT alone induced only a delay in tumor growth, and in general, the tumors were observable at all time points after treatment. However, all the tumors treated with PCI of 1.5 IU responded strongly to the treatment and a permanent cure or a period of apparent cure after treatment was observed in most of the tumor-bearing animals. During light exposure, the animals were covered with aluminum foil with a margin of about 2 mm to the visible tumor. This procedure is undertaken to avoid light exposure to normal tissue and especially the inner organs because light penetrates easily through the skin in athymic mice. In many cases, the tumor initiates regrowth in the border of the treatment area. The surviving tumor cells may therefore have escaped the light treatment. The injection of the tumor cells s.c. occurs at a low angle, almost horizontal, injection. The injection procedure might have lead to the deposition of a low number of tumor cells outside the area of light exposure. Some of the recurrences could therefore be due to the technical limitations of the experimental design.
The bleomycins contain several ring structures that may be oxidizable by PDT and thereby might be photochemically inactivated before reaching the nucleus, which is the main therapeutic target of bleomycin. The imidazole group in the metal-binding region is an obvious candidate for photooxidation by PDT because histidine is easily photooxidized. Based on studies of PDT-induced oxidation of purine and pyrimidine bases, the pyrimidine in the metal-binding region of bleomycin is expected to be oxidized by PDT only at high pH (30) . However, the quantum yield of oxygen consumption during hematoporphyrin-based PDT is 0.049 (at pH 7.4) and the pyrimidine in bleomycin may therefore be photooxidized by 4 K. Berg and A. HÒgset, unpublished data. PDT. PDT has also been shown to oxidize 2,4,5-triphenylthiazole with methylene blue -and rose bengal -based PDT (31) . Photodynamic oxidation of bleomycin may therefore attenuate the therapeutic effect of this combination therapy. It was recently found that the photochemical treatment might be executed prior to the delivery of the macromolecule (21) . This is suggested to be due to the fusion of macromoleculecontaining endocytic vesicles formed after the photochemical treatment with previously photooxidized vesicles. The in vitro results with PCI of bleomycin delivered prior to and after light activation showed similar enhancement of the bleomycin cytotoxicity. This argues against a significant oxidation of bleomycin by means of TPPS 2a -based PCI and could be explained by the localization of TPPS 2a (and AlPcS 2a ) mainly in membranes of the endocytic vesicle and the short range of action of singlet oxygen (32) , the main reactive oxygen species formed after PDT. In contrast, photosensitizers that are located in the matrix of endocytic vesicles, such as TPPS 4 , do not induce a PCI-mediated macromolecule activation when the cells are illuminated after the delivery of the macromolecule (16) . However, when TPPS 4 -based PCI is executed with the ''light before'' procedure, the biological activity of macromolecules can be significantly enhanced. Thus, photooxidation of bleomycin may occur under appropriate conditions, but does not seem to be of importance in TPPS 2a -based PCI.
The development of pneumonitis is the most severe side effect of bleomycin and occurs in up to 46% of all patients (26) . In 3% of all patients, a fatal lung fibrosis develops, probably due to the low level of bleomycin hydrolase activity in the lung tissue. The toxic effects of bleomycin are suggested to be due to the direct effects of reactive oxygen species formed by bleomycin on the lung tissue and by immunologic reactions to the treatment. The importance of the thymus has been debated. Szapiel and coworkers reported that induction of pulmonary fibrosis was unaffected by the absence of thymus in mice (33) , whereas other biochemical analyses and the use of inhibitors of immune function, such as steroids, as well as thymectomy, indicate that T cell depletion attenuate the induction of pulmonary fibrosis (34, 35) . Histologic analysis of lung tissue did not reveal any fibrosis or collagen formation after PCI of bleomycin. However, this possible side effect needs special attention in the future development of PCI of bleomycin. The induction of pneumonitis and fibrosis is dose-dependent and correlates with the total accumulated dose (22) . The strong and synergistic tumor response to PCI of bleomycin indicate that with PCI, the use of bleomycin might be limited to one or a few treatment sessions, thereby possibly reducing the total accumulated dose needed for achieving proper therapeutic responses.
The treatment with 1.5 IU bleomycin caused a reversible weight loss, which was somewhat more prolonged when combined with the photochemical treatment. In patient treatment, bleomycin is usually administered two to three times per week or continuously at a low dose for several days.
The therapeutic response of PCI of bleomycin indicates that the treatment regimen may be substantially reduced as compared with existing standard treatment regimens and even only one treatment session may be sufficient for good therapeutic response. A rapidly reversible and mild weight loss should therefore not be of any major concern.
In conclusion, PCI of bleomycin has been shown to induce synergistic effects leading to both recovery and to delay in tumor progression in three different tumor models. The results warrant further development of this treatment regimen with respect to optimization of the treatment variables, but also indicate a clinical potential of the PCI technology on an approved chemotherapeutic agent.
